ABSTRACT To ensure high control performance of cable-driven robots under complicated lumped uncertainties, we propose a novel time-delay control (TDC) scheme with adaptive fractional-order nonsingular terminal sliding mode (AFONTSM) in this paper. The proposed control scheme utilizes time-delay estimation (TDE) to estimate and compensate the lumped unknown system dynamics and therefore ensures a fascinating model-free feature. A novel AFONTSM manifold is designed by considering the existing uncertainties using an adaptive algorithm. Then, the TDC scheme is designed using TDE technique and AFONTSM manifold and fast-TSM-type reaching law. Thanks to TDE technique, the proposed control scheme is model-free and can be easily applied in complex practical applications. Meanwhile, the high control accuracy and fast dynamical response can still be guaranteed benefitting from the AFONTSM dynamics and fast-TSM-type reaching law. Stability of the closed-loop control system is analyzed using Lyapunov method. Corresponding simulation and experimental results effectively demonstrate the validity and superiorities of our proposed TDC scheme with AFONTSM over the other three existing TDC schemes.
I. INTRODUCTION
For the past decades, cable-driven robots are gradually becoming a research hotspot due to their unique features [1] - [4] . By moving the driven units from the joints to the base, the cable-driven robots can provide with much lighter moving arm, higher flexibility, less power requirement and better safety for physical interactions with human compared with the traditional robots. Thanks to these advantages, cable-driven robots had been widely used in practical applications and researches, such as medical rehabilitation [5] , [6] , underwater exploration [7] , and academic studies [8] , [9] et al. Usually, accurate and fast tracking control is needed to effectively perform the automatic tasks, which, however, can be very challenging for the cable-driven robots considering their essential large couplings, high nonlinearities and low stiffness.
For the high tracking control performance of robotic systems with flexible dynamics, lots of efforts had been devoted [10] - [13] . To provide good tracking performance of a single-link flexible-joint robot under mismatched uncertainties, a novel adaptive sliding control scheme was proposed and investigated [14] . The proposed control used backstepping-like technique to handle the mismatched issue and applied function approximation method to obtain the uncertainties. In [15] , the dynamic model of a cabledriven system with 1-DOF (dgree of freedom) is derived and then used in the passivity-based control scheme. For the high impedance control performance of a cable-driven series elastic actuator (SEA), a stabilizing 2-DOFs control scheme was designed which was used to separately realize the robustness and torque tracking [16] . To effectively handle the high nonlinearities, strong couplings and time-varying dynamics of flexible joint robot manipulators, a novel neuroadaptive observer based control was proposed [17] . Thanks to the high performance of neural algorithm [18] - [20] , the proposed method can ensure good control perfor-mance for the robot manipulators with flexible joints. To apply above-mentioned control schemes, the system dyna-mics or complex estimation algorithms are usually required, which, however, can be extremely difficult to realize in complicated practical applications.
As a widely used model-free control method, time-delay control (TDC) scheme is simple but efficient tool to handle above-mentioned issues [21] - [23] . Usually, TDC scheme contains two main parts, i.e. the time-delay estimation (TDE) part and the robust control part. The former utilizes time-delayed values of system states to estimate the current system dynamics and provides with an attractive modelfree scheme. Meanwhile, the latter is applied to enhance the control performance under complicated practical applications. Thanks to above two parts, TDC scheme is simple but highly effective. Therefore, TDC scheme has been widely utilized in lots of practical systems, such as robotic arms [24] - [27] , underwater robots [28] - [30] , SEAs [31] , humanoid robots [32] , [33] , et al.
To guarantee high control performance, many efforts had been made concerning the robust control part of TDC scheme [23] - [33] . As a well-known robust control method, sliding mode (SM) control and its improved schemes can guarantee high control performance [34] - [36] and have been widely applied in TDC schemes. In [37] , a novel adaptive robust control scheme was proposed for robot manipulators. The proposed control used TDE to estimate the system dynamics and utilized an adaptive integral SM (AISM) control to ensure accurate tracking performance. To ensure satisfactory control performance of uncertain robot manipulators with actuator faults, a novel finite time fault tolerant control (FTC) was designed which effectively combined the TDE technique and continuous nonsingular fast terminal SM (NFTSM) control scheme [38] . For the tracking control purpose of rigid hydraulic manipulators with heavy lumped uncertainties, a novel TDC scheme with continuous nonsingular terminal SM (NTSM) was proposed and investigated [39] . Recently, a novel TDC scheme with fractional-order NTSM (FONTSM) was developed for the tracking control of robot manipulators [40] . The proposed TDC scheme utilized TDE technique as its basic framework and applied a novel FONTSM manifold to further enhance the control performance. Comparative simulation and experimental results effectively demonstrated the validity and superiorities of the proposed TDC scheme over the existing ones. Still, it can be further improved in following aspect. The FONTSM manifold developed in [40] used a constant parameter k, which may lead to unsatisfactory control performance under complicated practical situations. As reported in [40] , the control accuracy and dynamical performance are strongly associated with the parameter k. Appropriately large one will ensure high control accuracy and fast dynamical response, meanwhile if the parameter is used inappropriately large, potential chatter and undesired dynamical performance may be activated.
To effectively settle above-mentioned issues, we propose a novel TDC scheme with adaptive FONTSM (AFONTSM) dynamics in this paper. A novel AFONTSM manifold is proposed and investigated, which utilizes an adaptive algorithm to generate the required parameter for the sliding manifold. Then, corresponding TDC scheme is developed using the newly proposed AFONTSM manifold, fast-TSM-type reaching law and TDE technique. Due to the applica-tions of above three elements, the proposed TDC scheme is modelfree and can still ensure high control performance under complicated practical applications. Lyapunov stability theory is utilized to perform the stability analysis. Comparative simulation and experimental results show that our newly proposed TDC scheme with AFONTSM can ensure higher control accuracy and faster dynamical response than the other three existing TDC schemes.
Specifically, the contributions of this paper are: 1) to propose a novel AFONTSM manifold which uses an adaptive law to generate the required parameter properly and timely according to the control errors; 2) to develop a novel TDC scheme with AFONTSM dynamics, which is simple but highly effective; 3) to perform the stability analysis of the closed-loop control system; and 4) to verify the validity and advantages of the newly proposed AFONTSM manifold and TDC scheme with comparative simulations and experiments. The rest of this paper is given as follows. Section II describes the control problem. The proposed AFONTSM manifold and corresponding TDC scheme are presented and discussed in Section III. Simulation and experimental verifications are presented in Section IV and Section V, respectively. Finally, Section VI concludes this paper.
II. PROBLEM STATEMENT
The dynamics of a cable-driven robot is given as [3] , [32] 
where I and D m are inertia and damping matrices of the motors, θ and q represent the position angles of the motors and joints. τ and τ s stand for the torques of the motors and joint compliance. M(q) is the inertia matrix, while C (q,q) represents the Coriolis/centrifugal matrix, g(q) stands for gravitational vector, f (q,q) is the friction vector. τ d is the lumped uncertainty, k p and k d are stiffness and damping matrices of the joint.
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Following dynamics can be obtained using (2) and (1)
with F defined as
whereM is a constant control parameter. As reported in [23] - [28] ,M has large effect on the control performance and is usually tuned through simulations or experiments. The control parameterM is tuned from a small value to large one until the control performance tends to degrade. As indicated in (5), F contains all the system dynamics exceptMq and is very difficult to obtain in practical applications. Therefore, the problem we try to settle in this paper can be described as: given a reference trajectory q d of the joints, design a simple but effective control τ to ensure accurate and fast tracking of q d under practical applications.
III. TDC SCHEME DESIGN WITH AFONTSM A. TDC SCHEME OVERVIEW
In this subsection, the TDC scheme will be briefly reviewed. As shown in (5), the element F is very complicated and therefore can be extremely difficult to obtain. To achieve F in a simple but effective way, the time-delay estimation (TDE) is utilized here asF
where L is the delayed time and usually selected as several sampling periods to ensure the estimation accuracy.
As indicated in (6), the main thought of TDE technique is to estimate the lumped system dynamics just using its own time-delayed value and no system dynamics are required. Therefore, the TDE technique can ensure a fascinating model-free scheme which will be helpful in complicated practical applications.
Substituting (6) into (4), we havê
To acquire the term τ t−L , simple time-delay of τ can be used. Forq t−L , directly measurement can be applied if acceleration sensors are available. Otherwise, numerical differenti-ation is usually used [23] - [28] . The subscript t will be omitted for simplicity in what follows. Define the control error as e=q d −q, then the TDC scheme can be expressed as
where K p and K d are constant control parameters. It can be clearly observed from (8) that no system dynamics are used and an attractive model-free scheme is then ensured.
As indicated in (8) , the TDC scheme mainly has two parts, i.e. TDE and injected dynamics. The former is utilized to obtain the system dynamics in a simple but efficient way, while the latter is applied to ensure the desired dynamical performance. Thanks to above two parts, satisfactory comprehensive control performance together with simple control scheme can be effectively ensured simultaneously.
Substituting (8) into the integrated dynamics (4), we havë
where ε = −M −1 F − F t−L stands for the TDE error which is bounded as demonstrated in [23] - [28] . It can be clearly observed from (9) that the control error e andė will be bounded with suitable selection of K p and K d .
B. PROPOSED TDC SCHEME WITH AFONTSM
Although good results had been obtained with TDC scheme (8) , it can be further improved. The application of TDE technique can ensure simple control scheme, but it also lead to inevitable estimation errors especially when fastvarying dynamics exist. To provide with strong robustness against above-mentioned estimation errors and then ensure high control performance, we propose a novel TDC scheme with AFONTSM dynamics. Design a novel AFONTSM manifold as
where α and λ are positive parameter matrices, and 0 < α ii , λ ii < 1. Thek is an adaptive parameter which will be given afterwards. The natation sig(e) α = sig (e 1 ) α 11 , . . . , sig (e n ) α nn and sig (e 1 ) α 11 = |e 1 | α 11 sgn (e 1 ) are utilized for concision. Mean-while, D x [f ] stands for the fractional-order (FO) calculus, please refer to [41] for more information.
Traditionally, the parameterk for FONTSM manifold is pre-selected and fixed throughout the whole control process as shown in [40] . This kind of design had provided with good comprehensive control performance for lots of systems, such as robot manipulators [24] - [27] , underwater robots [28] - [30] , SEAs [31] et al. However, the control performance can be further improved by considering the uncertainties and time-varying feature of the sliding mani-fold. Therefore, we utilize an adaptive algorithm to timely and accurately update the parameterk according to the control performance aṡ (11) where ρ i and φ i are positive parameters, while k imax and k imin stand for the maximum and minimum values ofk i . The k imax and k imin can be easily tuned through simulations and experiments. For k imax , it is tuned from a small value to large one until the control efforts tend to chatter; meanwhile, k imin is tuned from a relative large one to small one until the 54088 VOLUME 6, 2018 control performance obviously degrades. Thek i is obvious bounded as k imin ≤k i ≤ k imax . Taking the adaptive algorithm to analyze, we can see that the parameterk i will increase when the control precision is not satisfactory, i.e. |e i | > φ i . Then, the control error can be effectively suppressed with larger parameterk i and therefore high control accuracy will be obtained afterwards. On the other hand,k i will decrease to obtain relative smooth control torque and system trajectory when the control precision is satisfactory, i.e. |e i | ≤ φ i . Finally, good comprehensive dynamical performance can be obtained with above AFONTSM manifold.
To ensure high control performance and suppress the chatter, we utilize following fast-TSM-type reaching laẇ
where γ 1 and γ 2 are positive parameters, and 0 < β < 1.
Using the proposed AFONTSM manifold (10) (11) and fast-TSM-type reaching law (12) , the proposed AFONTSM control scheme is given as
Finally, the proposed TDC scheme with AFONTSM can be given as (14) using the AFONTSM (13) with TDE (7)
Taking the proposed TDC scheme (14) to analyze, we can see that it mainly contains three elements: the TDE element used to obtain the remaining system dynamics and ensures an attractive model-free scheme; the fast-TSM-type reaching law element utilized to ensure strong robustness and effective chatter suppression in the reaching phase; and the AFONTSM dynamics applied to provide with high control accuracy and fast dynamical response in the sliding mode phase. Benefitting from above three elements, high control accuracy and fast dynamical response and strong robustness can be effectively ensured with a simple and straighttforward TDC scheme. The stability analysis of our newly proposed TDC scheme is presented in the appendix.
C. COMPARISONS WITH EXISTING METHOD
Recently, a TDC scheme with FONTSM was proposed for the tracking control of robot manipulators as [40] τ
with FONTSM manifold designed as
where α and λ are the same parameter matrices with (10), while k is a constant parameter vector. Taking the existing method (15)- (16) to analyze, we can see that fixed constant parameter k is utilized for the FONTSM manifold and corresponding TDC scheme. As demonstrated in the existing works [26] , [40] , the parameter k can greatly affect the control performance. Appropriately large parameter k can effectively enhance the control accuracy and accelerate the convergence speed under complicated practical applications. On the other hand, if the parameter k is selected inappropriately large or the lumped uncertainties change drastically, undesired dynamical performance may occur. In the complicated practical applications, proper selection of k can be difficult considering the time-varying uncertainties. Thanks to the newly proposed AFONTSM manifold and corresponding TDC scheme, above-mentioned issue had been effectively settled. Using an adaptive algorithm to timely update the parameter k, our newly proposed AFONTSM manifold can properly handle the existing time-varying uncertainties. Afterwards, high control accuracy and fast dynamical response and strong robustness can be ensured using corresponding TDC scheme with AFONTSM dynamics.
On the other hand, it is obvious that the existing TDC scheme is a particular case of our newly proposed one. If we turn off the adaptive algorithm, i.e. ρ i = 0, the proposed AFONTSM manifold (10) becomes FONTSM (16) and the designed TDC scheme (14) becomes existing one (15) .
IV. SIMULATIONS
To verify the effectiveness and superiorities of our newly proposed AFONTSM manifold and corresponding TDC scheme over the existing ones, comparative simulation had been conducted in this section.
A. SIMULATION SETUP
The dynamics (1)-(3) are given as: for the rigid element (2), the model presented in [23] Controller 3 from [26] can be given as
with FONTSM manifold designed as (16) , meanwhile stands for the boundary layer. Controller 4 from [39] can be expressed as with NTSM surface designed as
wherek andā are positive parameter and 1 <ā ii < 2. Meanwhile, the following parameter conditions must be satisfied to ensure fair comparisons [40] :
Note that Controller 4 adjusted the fast-TSM-type reaching law element to γ 1 s + γ 2 sat sig (s) β / β for theoretical analysis, therefore the same adjustment will be made to our proposed method and Controller 2 for fairness. The control schemes are simulated using Matlab/Simulink 2016b.
B. SIMULATION RESULTS
The control parameters for our proposed TDC scheme are selected as α = diag(0.8, 0.8), λ = diag(0.99, 0.99),
= 0.04,M = diag(0.1,0.1), L = 1ms. The initial value ofk is set to k min . And the parameters for the other three TDC schemes are selected exactly the same with ours or calculated by (20) . To demonstrate the robustness of our proposed method against lumped time-varying uncertainties, τ d = sin (πt) N · m is brought into both joints. Moreover, the toolbox ''FOMCON'' is utilized for the FO calculus [42] . Corresponding simulation results are given in Fig. 1 and Fig. 2 .
As indicated in Fig. 1 , all four TDC schemes can provide with good tracking of the reference trajectory. High control accuracy, fast dynamical response and strong robustness against lumped uncertainties had been clearly observed in Fig. 1 . This result strongly demonstrates the effectiveness of TDE technique (6)- (7), existing FONTSM (16) and NTSM (19) manifolds, and also our newly proposed AFONTSM manifold (10)- (11) . Meanwhile, our newly proposed TDC scheme with a novel AFONTSM manifold can ensure the best comprehensive control performance among all four TDC schemes as shown in Fig. 1(b) and Fig. 2 . Highest control precision and fastest convergence had been clearly observed. For further comparisons, we take Fig. 1 (d) to analyze. It can be seen clearly that the parameterk rapidly increases when the control performance is not satisfactory, i.e. |e i | > φ i . Then, the control error can be effectively suppressed with an increasing parameterk and therefore better control accuracy will be obtained. Mean-while, if the control performance is relative satisfactory, i.e. |e i | < φ i , the parameterk will decrease to k min to suppress the potential chatter and undesired dynamical performance. Thanks to the application of an adaptive law, better compr-ehensive control performance had been ensured. To conclude, the simulation results have clearly and strongly demonstrated the effectiveness and superiorities of our newly proposed TDC scheme with AFONTSM over the other three existing TDC schemes. High control precision, fast dynamical response and strong robustness had been clearly observed.
V. EXPERIMENTS
To further demonstrate the validity and advantages of our proposed method, three comparative experiments had been conducted using our newly designed cable-driven robot Polaris-I as shown in Fig. 3 .
A. EXPERIMENTAL SETUP
The cable-driven robot Polaris-I is driven by servo motors Delta ECMA-CA0604SS with corresponding drivers ASD-A2-042-L. The servo motors have rated speed and torque of 3000 rpm and 1.27 N·m, respectively. Both the cable and planetary reducers are utilized for Polaris-I, which have reduction ratios of 1:3.3 and 1:10. Meanwhile, the encoders E6B2-CWZ1X 2000P/R are applied which have a resolution of 0.045 • . Finally, the xPC system is used to run the all four TDC schemes using a PCI-6229 sampling board from National Instruments and the sampling frequency is 1 kHz.
To effectively demonstrate the validity and superiorities of our newly proposed AFONTSM manifold and corresponding TDC scheme, three experiments were conducted as follows. In experiment one, Polaris-I was controlled to track a smooth reference trajectory using all four TDC schemes simulated before. This experiment is mainly designed to verify the high control accuracy of our newly proposed TDC scheme with AFONTSM. In experiment two, a square wave was sent to Polaris-I as reference trajectory. This experiment is used to demonstrate the fast dynamical response of our proposed TDC scheme with AFONTSM. Finally, Polaris-I was commanded to track the same smooth reference trajectory in experiment one with 0.5 kg load to show the strong robustness of our newly proposed method.
For our proposed TDC scheme with AFONTSM, the control parameters are selected as α = diag (0.8, 0.8), λ = diag (0.99, 0.99), The initial value ofk is set to k min . Meanwhile, the parameters for the other three TDC schemes are selected exactly the same with ours or calculated using (20) .
B. EXPERIMENTAL RESULTS

1) EXPERIMENT ONE
In this experiment, Polaris-I was commanded to track a smooth reference trajectory as shown in Fig. 4 . Corresponding results are given in Fig. 5 . On the other hand, the maximum errors (MAE) and root-mean-square errors (RMSE) are used to quantitatively describe the steady control performance, which are calculated using the experi-mental data from the second period 24s to 48s. The obtain-ed results are given in Table 1 .
As shown in Fig. 5 , all four TDC schemes can provide with satisfactory tracking of the reference trajectory, which strongly demonstrates the effectiveness of TDE technique (6)- (7), existing FONTSM (16) and NTSM (19) manifolds, and our newly proposed AFONTSM manifold (10)-(11) under complicated practical applications. Meanwhile, our newly proposed TDC scheme with AFONTSM can still ensure the highest control precision as indicated in Fig. 5 (a) (c) with almost the same control torques as shown in Fig. 5(b) . To be specific, our proposed TDC scheme shows the highest control precision followed by Controller 2 and Controller 3 sequentially, while Controller 4 shows relative the lowest control accuracy. The superiorities of our newly designed AFONTSM manifold (10)-(11) over the existing FONTSM (16) and NTSM (19) manifolds had also been clearly observed through experiment one. Taking Fig. 5 (d) to further analyze, we can see that the parameterk can be timely and accurately updated using the designed adaptive algorithm (11) . When the control errors tend to increase, k will increase rapidly which in turn effectively suppresses the control errors and ensures high control precision. Otherwise,k will decrease to the minimum value and ensure relative smooth control efforts and system trajectory. Thanks to this adaptive mechanism, better comprehensive control performance had been effectively ensured with our proposed TDC scheme.
To make the comparisons quantitative, we will further analyze the results from Table 1 . For MAE, our newly proposed 
2) EXPERIMENT TWO
In this experiment, Polaris-I was controlled to track a square wave. The obtained results are given in Fig. 6 .
It can be clearly observed from Fig. 6 that all four TDC schemes can ensure good tracking of the square wave, which further verifies the effectiveness of TDE technique (6)- (7), existing FONTSM (16) and NTSM (19) manifolds, and our newly proposed AFONTSM manifold (10)- (11) . Meanwhile, our proposed TDC scheme with AFONTSM can provide with the fastest dynamical response as indicat-ed in Fig. 6 (a) (c) . On the other hand, the control efforts of our proposed TDC scheme are a little noisier than the other three TDC schemes, but they are bounded without any noticeable chatter as shown in Fig. 6 (b) . Taking Fig. 6 (d) to further analyze, we can see that the parameterk rapidly increases when the control error increases suddenly and remains as the maximum value for a period of time. Thanks to this adaptive mechanism, fastest dynamical response had been effectively ensured.
3) EXPERIMENT THREE
To demonstrate the robustness of our newly proposed TDC scheme against unknown uncertainties, an extra 0.5 kg load was added into the end effector of Polaris-I. Then, it was controlled to track the smooth reference trajectory in experiment one using our proposed TDC scheme. Note that the mass of last two links are 2.5 kg and 1.2 kg, respectively.The results are presented in Fig. 7 . Moreover, the MAE and RMSE are also calculated using the experimental data from the second period 24s to 48s and given in Table 2 . As shown in Fig. 7 , our proposed TDC scheme can still guarantee good tracking of the reference trajectory with 0.5 kg load, which effectively demonstrates the strong robustness of our proposed TDC scheme. To be specific, the MAE increases 0% and 3.3% for joint 1 and 2, respectively; while RMSE increases 6.5% and 6.7% for joint 1 and 2, respectively. Thanks to the application of AFONTSM, high control accuracy can still be ensured with extra load. Moreover, our newly proposed TDC scheme can even provide with better control performance than the other three TDC schemes without load.
To conclude, the comparative experiments had strongly verified the validity and advantages of our proposed TDC scheme with AFONTSM over the other three existing TDC schemes. High control accuracy, fast dynamical response and strong robustness had been clearly observed in above three comparative experiments.
VI. CONCLUSIONS
A novel TDC scheme with AFONTSM dynamics is proposed and investigated for the tracking control purpose of cabledriven robots in this paper. The proposed method applies TDE technique to estimate and compensate the lumped system dynamics and then ensures a model-free scheme. Afterwards, a novel AFONTSM manifold is designed and used to guarantee high control precision and fast dynamical response together with the fast-TSM-type reaching law. Thanks to above three elements, the proposed control scheme is simple but effective under complicated practical applications. Stability analysis was performed using Lyapunov method. Finally, the effectiveness and superiorities of the proposed TDC scheme over the existing ones had been strongly demonstrated through comparative simulations and experiments.
The proposed TDC scheme with AFONTSM dynamics is still restricted to constant control parameterM, which can be further improved. To improve the control performance, we will try to develop adaptive TDC (ATDC) scheme by designing a novel adaptive continuous gainM (t) in the further.
APPENDIX
Lemma 1 [43] : Suppose a Lyapunov candidate V (x) with initial value as V (0), then for the following inequality (21), the settling time can be calculated as (22) V (x) + λ 1 V (x) + λ 2 V λ 3 (x) ≤ 0, λ 1 , λ 2 > 0, 0 < λ 3 < 1
T ≤ ln 1 + λ 1 λ −1
The sketch of stability analysis will be presented in what follows, which is similar with the ones given in [39] and [44] .
Substituting the proposed TDC scheme (13) into (4) 
Then, the analysis procedure from [39] and [44] can be applied to (24) . For (24) , it can be further re-organized into following two formṡ 
withγ 1 defined as
Under the condition that λ min (γ 1 ) > 0, λ min (γ 2 ) > 0, (27) can be transformed into following forṁ
where λ min (γ 1 ) , λ min (γ 2 ) stand for the minimum eigenvalues ofγ 1 , γ 2 . Since 0 < β < 1, then the Lemma 1 can be applied to (29) . Therefore, the settling time for (29) can be calculated as
Therefore, the system states will be enforced to con-verge towards the AFONTSM manifold under the condition that λ min (γ 1 ) > 0, λ min (γ 2 ) > 0. Using (28) and λ min (γ 1 ) > 0, we have s ≤ ε /λ min (γ 1 ). Utilizing similar analysis procedure to (26), we have s ≤ ( ε /λ min (γ 2 )) 1/β . Then, the AFONTSM variable s (10) will converge to following field in finite time s ≤ = min ε λ min (γ 1 ) , ε λ min (γ 2 ) 1/β (31) Then, we have s i =ė i +k i D λ−1 sig(e i ) α ii , |s i | ≤ holds for i = 1 ∼ n. Since the adaptive parameterk i is naturally bounded, i.e. k imin ≤k i ≤ k imax , the boundedness of the control error e i ,ė i can be easily deduced using the theoretical results from [40] . Finally, the stability is proved.
